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Background: To manage the kdr pyrethroid-resistance in Anopheline malaria vectors, new 
compounds or new strategies are urgently needed. Recently, mixing repellents (DEET) and a non- 
pyrethroid insecticide (propoxur) was shown to be as effective as deltamethrin, a standard 
pyrethroid, under laboratory conditions, because of a strong synergy between the two compounds. 
In the present study, the interactions between two repellents (DEET and KBR 3023) and a non- 
pyrethroid insecticide (pyrimiphos methyl or PM) on netting were investigated. The residual 

Anopheles gambiae mosquitoes. 

Methods: DEET and KBR 3023 were mixed with pyrimiphos methyl (PM), a organophosphate 

d, experimental hut system (laboratory tunnel tests) that allows 
iponses to insecticide, particularly the mortality and blood feeding 

Results: Both mixtures (PM+DEET and PM+KBR3023) induced S 
months compared with less than one week for each compound us 
synergy between the repellents and PM. A similar trend was observed with the blood feeding rates, 

Conclusion: Synergistic interactions between organophosphates and repellents may be of great 

materials and improve the control of pyrethroid-resistance mosquitoes. These results prompt the 
need to evaluate the efficacy of repellent/non-pyrethroid insecticide mixtures against field 
populations of An. gambiae showing high level of resistance to Ops and pyrethroids. 
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Background 

recommended by World Health Organization Pesticide 
Scheme (WHOPES) for net impregnation because they 

against mosquitoes [1]. Unfortunately, the knock-down 
resistance (kdr) gene conferring cross resistance to pyre- 
throids and DDT has become widespread in anophelinc 
mosquitoes in Africa [2-5]. This resistance may represent 
a threat to the future success of malaria vector control pro- 
grammes, based on insecticide-treated nets (ITNs) and 
indoor residual spraying (IRS). At present, there is uncer- 
tainly as lo wlielhei kdr undermines the effectiveness of 
ITN in areas of high prevalence. While experimental hut 
trial in Cote d'lvoire [6] and Benin [6,7] demonstrated a 
survival advantage of mosquitoes being homozygous for 
the kdr resistance, other comparative trials between resist- 
ant and susceptible areas showed no apparent difference 
in the effectiveness of ITN [6,8,9], The authors of this 
paper have previously suggested that resistant mosquitoes 
were less likely to be irritated by pyrethroid-treated nets 
than llie susceptible and, therefore, alight for longer peri- 
ods on ITNs and die 1 1 0, 1 1 ] . This hypothesis was further 
explored by a randomized trial set up in Cote d'lvoire 
which confirmed that ITNs remain effective in preventing 
malaria in areas where Kdr is prevalent [12]. 

Despite these controversial views, the reduced irritancy 
observed with ITNs against Ml resistant mosquitoes rep- 
resents a serious risk for personal protection. A typical 
example encountered in Benin was that significantly more 
individuals of the RS and RR genotypes blood fed in the 

SS [8]. Although caibamates and oiganophosphates are 
regarded as possible alternatives lo pyrethroids |13,14|, 
they may prove too hazardous for general use and may 
also select for insensitive acetylcholinesterase resistance in 
An. gambiae [13,15]. Developing alternative chemicals 
and/or vector control strategies to maintain an effective 
control of resistant mosquito populations has, therefore, 
become a priority. 

In recent years, repellents have gained increasing interest 
in public health for protecting people against malaria vec- 
tors) [ 1 6- 1 8] . DEET has been in use since the 1 950s and is 
considered as the standard product against which all other 
repellents are measured [19]. Recently other active ingre- 
dients, known as IR3535 (ethyl butylacetylaminopropi- 
onate), KBR 3023 (Bayer), and PMD (para-menthane-3,8- 
diol) [19] have been formulated for skin application and 

mosquitoes [20] . Unfortunately, the issue with repellents 
concerns their short residual life which does not permit a 
long-term use in public health for personal protection. 
The application of repellents to fabrics, clothes or nets is a 



relatively unexplored topic which has potential benefits in 
terms of safety and cost as direct contact with the chemi- 
cals is reduced and persistence enhanced [21,22]. A recent 

area in Cote d'lvoire, showed that standard lotions of 
DEET and IR3535 applied on nets showed similar per- 
formances than pyrethroid-treated nets during a 6 weeks 
period [ 23 ] . The observed residual effect of D EET on net is 
far higher than that observed for skin application (6-8 
hours))] 18] but shorter than that observed with standard 
ITNs. 

Particularly promising is the good protection obtained 
from combined use of repellents on skin and ITN for per- 

grated vector control shows the gains that can be obtained 
if interventions are used jointly to cover for any limitation 

cept is to associate on nets a synthetic repellent with a 

In a recent laboratory trial, a combination of propoxur 
(carbamate) and 1)1 I I' on filter papers resulted in a syner- 
gistic eli'ecl which induced strong mortalit) and kl) effect 
against susceptible and pyrethroid-resistant Aedes aegypti 
mosquitoes |25]. Such strategy may be promising for con- 
trolling malaria vectors which are becoming more and 
more resistant to the knock down and irritant effect of 
pyrethroids [8,11]. Through laboratory assays (tunnel 
test), the efficacy and persistence (mortality and blood 
feeding inhibition) of repellent-orgnanophosphate mix- 
tures on polyester nettings against An. gambiae, the main 



Methods 
Biological material 

The reference susceptible strain of An. gambiae Kisumu 
was used. This strain, originating from Kenya, has been 
colonized for many years and is free from any detectable 



Insecticide and repellents 

Three formulations, one organophosphate insecticide and 
two repellents, were evaluated on nets, separately or in 
mixture. Pirigrain* 250 is an Emulsiflable Concentrate for- 
mulation (EC) containing 25% pynmrphos methyl (PM) 
and manufactured by Compagnie Generale des Insecti- 
cides (CGI, France). KBR 3023 (hydroxyethyl isobuthyl 
piperidine carboxyilate) is formulated as a liquid concen- 
trate containing 25% of active ingredient. DEET (diethyl- 
3-methylbenzamide) is also formulated as a liquid con- 
centrate containing 30% of active ingredient. The two 
experimental formulations of repellents are designed for 
clothing application and developed by Osier Company 
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Net 



75 denier multi-filament polyester, 

nation at 10 g/m 2 with DEET and KBR 3023 and 150 mg/ 
m 2 with PM . These dosages have been selected after pre- 
liminary tests, as the lower dosages inducing 100% mor- 
tality in tunnel. Because repellents are volatile 
compounds, tests under tunnels were carried out near 
after the impregnation process (6 hours). Then blood- 
feeding inhibition and mortality were evaluated twice a 
week until efficacy dropped to values below 30%. 

Study design and statistical analysis 

The tunnel system is composed of a square glass cylinder, 
25 cm high, 2 1 cm wide, 60 cm long, with a square of net- 
ting sizing 25 x 25 cm with nine 1 cm diameter holes fixed 
into a frame which slots across the tunnel dividing it into 
two chambers. In the bait chamber, a guinea pig is housed 
unconstrained in a cage and provided with food and 
water, and in the other chamber, 100 unfed female mos- 
quitoes aged 5-8 days are released at dusk and left over- 
night in the dark. The following morning, the number of 
mosquitoes found live or dead, fed or unfed in each com- 
partment was recorded. 

Blood feeding reduction was assessed by comparing the 
proportion of blood-fed females (whether [hey were alive 
or dead) in treated and control tunnels. With each treat- 
ment, the blood feeding Inhibition rate (BF1) was calcu- 
lated using the following formula: 



(max). LT 95 and BJT 95 are respectively the 
atus were Lethal Time and Biting Inhibition Time (days) for Y 95% 
provided mortality or blood feeding between min and max respec- 
in combi- lively, i.e. the time after which 95% mosquitoes are dead 
or still unfed. Slope represents the slope of the curve at its 
midpoint. 



_(7>™, 



* 1 00) 



ComclaiMortalitv = ' ' '"""'') | x| 2 

(100 -Control) 

The Lethal Time (LT) and Biting Inhibition Time (BIT) 
were afforded by each treatment by fitting a sigmoidal 
time-response model with GOSA* software [26] using the 
following formula: 



where (x) is the time (in days) entered without any trans- 
formation (i.e. not in logarithmic form). Y is the response 
(LT or BIT) which varies between a minimum (min) and 



In order to detect any synergy between PM and DEET or 
KBR, the results observed with the two mixtures with 
those theoretically expected in the absence of any interac- 
tion (uncorrelated joint action) between the two com- 
pounds were compared [27]. The expected mortality was 
calculated by multiplying the survival rates of each com- 
pound tested separately at each time class and subtracting 
the result from 100%, as follow: 



Exp = l-((l-morff* , )*(l- 
Expected values of mortal 



wtP m )) Eq.4 



>d feeding inhibition 
ne sigmoidal time- 
d expected LT 9S and 



BIT 95 were compared. There was synergy when the 
observed results were significantly higher than the 
expected one. Conversely, there was antagonism when the 
observed results were significantly lower than the 
expected sue 1 he differences between two LT 50 and two 
Brr 50 values were considered as significant if their 95% 
confidence intervals (CI 95 ) did not overlap. 



I he mortality and blood feeding inhibition rates recorded 
during the evaluation are shown in Figure 1 and 2. Statis- 
tics are summarized in Table. 

Lethal effect 

When freshly treated, mortality of An. gambiae was 100% 
with each type of treatment (singles and mixtures). There 



:ofth 



s than the mixtures. At their respective dosage, 
the LT 95 of each chemical never exceeded 10 days (LT 95 PM 
= 5.46 days ± 2.14; LT 95 DEET = 2.79 days + 1.68; LT 95 KBR = 
9.43 days + 3.17). KBR showed a LT 95 similar to PM but 
significantly longer than DEET. The two mixtures DEET/ 
PM and KBR/PM (Figure la and lb) killed 95% mosqui- 
toes for more than 60 days (LT 95 PM + DEET = 87 + 1 1; LT 95 

PM*KBR =73± 9). 



1 (100%) with 
)it 95% of the 

blood feeding (BIT 95 ) was three days (+ 3), six days (+ 3) 
and eight days (+ 5) for PM, DEET and KBR, respectively. 
There was no significant difference between the three mol- 
ecules tested (Table 1). PM+DEET mixture induced 95% 
blood feeding inhibition for more than one month 
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in tunnel test apparatus; Pyrimiphosmethyl was used at I 50 mg/m 2 alone and combined with (a) DEET 1 0 g/m 2 and (b) KBR 1 0 
Table 1 . 88 ^ ^ P 



(BtT 95 PM + DEEr = 37 ± 10 days), whereas the effect lasted for 
three weeks only for the PM+KBR mixtures (BIT 95 PM * KBR = 
21 ± 8 days). The BIT of the mixtures was significantly 
longer than those observed when each compound was 
used separately (Figure 2a and 2b). 

Synergy 

There were highly significant differences between 
expected and observed LT 95 of PM+DEET and PM+KBR 
(95% CI do not overlap) indicating a strong synergy 
between PM and the repellents tested in terms of mortal- 
ity (Table 1 ). A strong synergy was also noted with blood 
feeding inhibition, the observed B1T 95 of the PM+DEET 
mixture being significantly greater than expected (Table 
1). For the mixture PM+KBR, however, there was no sig- 
nificant difference between expected and observed blood 
feeding inhibition (overlapping of the confidence inter- 
vals), then suggesting a simple additive effect for blood 
feeding inhibition. 

Discussion 

When used separately, DEET and KBR on nets both 
induced, even for a few days, high mortality rates (more 
than 95%). This is a confirmation that DEET is not only a 
behavioural modifying chemical but also a toxicant as 
previously demonstrated by several authors [23,28-30]. 
The molecular events involved in DEET toxicity in insects 
is currently under investigation [31,32]. More surprising 
was the mortality observed with KBR 3023 in tunnel 



apparatus. Indeed, KBR 3023 did not show insecticidal 
properties as DEET in previous works [30] but it was not 
tested on impregnated materials. However, the dose of 
KBR used in previous works (2 g/m' on filler papers) as 
well .is lhc lime of exposure ( 1 h in VVI l< ) lesl kits) was far 
below the one used in this study (10 g/m 2 and 12 hrs 

with DEET are similar to those obtained in tunnel tests by 
N'Guessan et al. [23] in term of mortality but strongly dif- 
ferent in term of blood feeding inhibition (three weeks of 
total protection vs. four days in this study). This difference 
may be due to the mosquito species used instead (Culex 
i/uDk/Hi'/iOLiiiOis) and oi lhc formulations (DEET in alco- 
hol versus liquid concentrate). 

When used in mixtures, results clearly indicate that mix- 
ing an OP with a repellent significantly improve, al least 
under tunnel, the efficacy of nets against anopheline mos- 
quitoes, both in terms of mortality and blood feeding 
inhibition. This is a confirmation of a previous study that 
showed a strong synergistic interaction between DEET 
and propoxur (carbamate) against A. aegypti mosquitoes 
1 25 ] . In this study, thanks to synergy, it appears that a mix- 
ture combining an organophosphate insecticide with a 
repellent (DEET or KBR3023), is as effective as a most 
pyrethroids recommended by WHO for the treatment of 
mosquito nets [33]. Indeed, the overall efficacy of the 

PM+KBR3023 and five months PM+DEET in tunnel tests. 
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Figure 2 

Decline with time in blood feeding inhibition. Blood feeding Inhibition provided by treated netting against An. gambiae 
Kisumu during overnight tests in tunnel test apparatus; Pyrimiphosmethyl was used at 1 50 mg/m 2 alone and combined with (a) 
DEET 10 g/m 2 and (b) KBR 10 g/m 2 . Surimposed curves drawn according to sigmoidal time - response model of equation (3) 



Moreover, the tested mixture showed a residual effect 
longer than the one observed by other authors with chlo- 
rpyriphos-methyl (one month at 1 00 raj/ra') (VCuessan 
personal communication) and approximately similar to 
the one observed with PM alone (7 months versus 5 in our 
study) [34]. However, the dosage used was very high 
(1,000 mg/m 2 ) compared to 150 mg/m 2 in the present 

The great efficacy of these two repellent/OPs mixtures may 
offer interesting prospects for controlling malaria vectors. 



ii * ould be .! promising strategy to manage fair-resistant 
mosquitoes [25], since the non-pyrethroid mixture on net 
seems to be as effective as a pyrethroid insecticide. 
Another advantage is the considerable reduction of the 

OPs on net. Next steps will consist in evaluating the effi- 

lal lulls in 1 ho field. 11 would be also interesting to 
investigate the effectiveness of such mixtures against mos- 
quitoes bearing other resistance mechanisms, such as the 
insensitive acetylcholine esterase (AChE«)[35[. 



Table I : Summary statistics for nets treated with Pyrimiphos-methyl (PM I 50 mg/m 2 ), DEET and KBR (both at 1 0 g/m 2 ), alone and in 
combination against susceptible An. gambiae. Slope (95% CI), Lethal Time for 50 and 95% (LT S0 _, S in days), Biting Inhibition Time 50 
and 95%(BIT s0 _ B indays). 
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Synergy between insecticide and repellent to combat malaria-carrying 
mosquitoes 




To protect populations against Anopheles gambiae, the principal vector of human malaria in Africa, the World Health 
Organisation recommends the use of mosquito nets impregnated with insecticides of the pyrethroid family. These chemicals 
are not very toxic for humans or mammals and can be effective against mosquitoes at very low doses by combining several 
effects. They are toxic, killing the insect or knocking it out as soon as it touches the net. They are also repellent, limiting the 
numbers of mosquitoes that enter a bedroom. And they are irritant, so preventing the insect from biting through the mesh of 
the net. However, excessive or inappropriate use of these products has led to a worrying increase in the numbers of resistant 
mosquitoes and the risk that the impregnated 
nets will lose their efficacy. 

As there are few replacement insecticides, IRD scientists in collaboration with their Benin and Burkinabe partners combined a 
non-pyrethroid insecticide with a repellent in order to reproduce the same properties as the pyrethroids without using those 
chemicals themselves. A strong synergy was found between insecticides and repellents, the combination proving far more 
effective than the sum of their respective properties. Further, the efficacy lasted several weeks longer than with each chemical 
on its own. The combination proved especially advantageous because it can be used for impregnation at far lower doses than 
the pyrethroids to achieve the same effectiveness. 

Industry is beginning to express interest in this synergy concept, developing micro-capsule formulations with repellents and 
insecticides and experimenting with long-lasting impregnation. Alongside these field studies, laboratory research is trying to 
improve understanding of the action of the repellents and insecticides on the mosquito's central nervous system and the 



Thematic: Health 

Country: Angola, Archipelago of the Canaries, Benin, Burkina Faso, Cameroon. Cape Verd e, Central Africa, Congo, Ivory 
C«M •S*..n 'San*-* ihana. Guinea . Equatorial Guinea. Guinea-Bissau. Mali. Mauntania. Niger. Nigeria. Democratic 
epublic of Congo, Senegal, Chad, logo 

For further 



Scientific contact 
Jean-Marc Hougard 



Note 



The IRD's website is partially translated into English. Find more information in the French pages of the website www.ird.fr 
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COMBINATION OF A NON-PYRETHROID INSECTICIDE AND A REPELLENT: 



A NEW APPROACH FOR CONTROLLING KNOCKDOWN-RESISTANT MOSQUITOES 

CEDRIC PENNETIER, VINCENT CORBEL, and JEAN-MARC HOUGARD 

resull's'showed that a' combination ol propoxur and Dl'lil induced a knockdown cllccl and morlalitx as high as 
dcllamclhrin (a standard pyrethroid) aaainsl die susccplihlc strain, and significantly higher cl'ficao against the pvrc- 
throid-rcsislanl sirain. This could he explained mainly by the existence of a strong sn ncrgistic interaction between 
and propoxur in mosquitoes. This study constitutes a first step towards an alternative strategy for improving mosquito 
control in areas with pyrethroid resistance. 



INTRODUCTION 

They share manv piopcmcs w dichloro-diphenyl- 
trichloroethane (DDT), including a knock down and killing 
effect, resulting from action against the sodium channels of 
the peripheral and central nervous systems.' These products 
show remarkably high efficacy against insects but relatively 

mem. 2 Since the 1980s, pyrethroids have been widely used as 
residual sprays on house walls or on mosquito nets to control 
insects in the domestic environment. 3 Among these anti- 
vector measures, pyrethroid-treated nets have emerged in re- 
cent years as the most promising tool for reducing malaria 
mortality and morbidity, especially a children less than five 

healed m.ilciials il I Ms), wh elude plastic sheeting, cur- 




ia l '. : o-.v- I'v . ■ . .. ■. .■- co-v o ,• ■ an. 

tanee to any pyrethroid generally eonlers cross-resistance to 



salt ,v CVa CO't o I'v N •o.-s.ioW ' C^aV. I A./' I 

gene, which confers cross- resistance to DDT and pyrethroids, 
is now widely prevalent in mosquitoes of public health im- 
portance. 6-9 In Anoj 1 i c ulex qiunquifasua 

tus, the kdr mutation is conferred by a single amino acid 
change (one or both of the two known sites) in the axonal 
sodium channel insecticide-binding site, whereas knockdown 

Aedes aegypti. 9 - 10 

The impact of the kdr mutation on the efficacy of ITMs has 
been the subject of numerous studies in Africa the past de- 
cade. 1 " 3 It has been generally observed that the kdr muta- 
tion was not sufficient to render pyrethroid-treated nets inef- 
fective, which would result in a relatively high efficacy of 



impregnated bed nets in killing resistant mosquitoes, but not 
repelling them. 1 ' 1 ' 1 ' 1 Such a finding was explained by the fact 

insecticide, remained :ongci mi the m is before finally receiv- 
ing sufficient lethal doses by taisal contact. 16 This low irri- 
tancy may represent a serious risk against personal protec- 
tion. A recent experimental hut study carried out in Benin has 
shown that the proportion ol blood led females exposed to 
permethrin-impregnated nets was significantly higher in re- 
sistant (R) mosquitoes (boih in hetcio/.vgous [RS] and ho- 
mozygous [RR] individuals) than in susceptible (S) ones. 13 
Such findings, which need be confirmed with different insec- 
ticides and impregnated substrates, already strengthen the 
need for alternative chemicals and/or vector control strategies 
to maintain an effective barrier against pyrethroid-resistant 

8 Since the number of new insecticides is drastically dwin- 
dling, an alternative strategy to maintain the global effective- 
ness of ITMs in areas of pyrethroid resistance may be the 
.. . o: :w : v.": o : .:s by other insecticides such as car- 
bamates 01 01 Ltunophosphates. 17 Although carbamate- or or- 
ganophosphate-impregn.itcd materials have shown efficacy 
against pyrethroid-resistant mosquitoes, their low excito- 
repellencx allows mosquitoes to remain a sufficient time on 
the impregnated surface to take a blood meal. 11 '* 211 Such 
findings may negate their use in textile or fabric impregna- 

To overcome such limitations for personal protection, we 
propose an alternative concept to maintain the effectiveness 
of impregnated materials. This consists of associating a syn- 
thetic repellent with a non-pyrethroid insecticide to mimic 
similar or higher features ol pyrethroids. especially irritancy, 
against pyrethroid-resistant mosquitoes. In this study, DEET, 
which is a classic synthetic repellent used since World War II 
for personal protection, was combined with propoxur. a car- 
bamate insecticide, which has high insecticidal activity but 
low irritant properties against insects/ 1 - 22 The objectives of 
this study were to compare the intrinsic efficacy of this non- 
pyrethroid DEET-propoxur mixture with a reference pyre- 
throid insecticide (delt methrin) it search for synergistic 



739 



740 



ro compounds. Susceptible and 



MATERIALS AND METHODS 

Mosquitoes. Two laboratory strains of Ae. aegypti were 
used in this study. The susceptible Bora strain originated in 
French Polynesia and has no detectable insecticide resistance 
mechanism. The pyrcihroid-rcsistanl suain LHP originated in 
Vietnam and was already strongly resistant to permethrin 

lained under constant permclhrin selection al eaeh genera- 



L75W)."Tlic resislanl and suseeplible slrains were evalualed 
every three months for resistance status and the R genotype. 

Insecticides and repellent. Bioassays were made with tech- 
nical grade propoxur, DEET, and deltamethrin, the latter of 
which served as a reJerenee i or pyrelhroids. The active ingre- 
dient of deltamethrin ((S)-alpha-cyano-3-phenoxy- 
ben/.yl(lR.3K)-3-(2.2-dibromovin>l)-2.2-dimelh)leNeK.- 
propanecarboxylate) had a purity of ft], 5% and contained at 
least 98% of the cis isomer. Propoxur (2-isopropoxyphenyl 
methylcarbamate) had a purity of 98.4%. DEET had a purity 
of 97% and contained a minimum of 95% of the meta isomer, 
the most effective molecule of DEET. 

Substrates and treatment. Tarsal contact tests were con- 
ducted using filter paper treated with the technical grade of 
each insecticide and repellent. Filter papers were treated fol- 
lowing a World Health Organization (WHO) protocol using 

rier. 23 The impregnation was done by dripping evenly onto 
the paper 2 mL of technical grade substance dissolved in ac- 
etone and silicone oil. The paper was dried for 12 hours be- 



ll treated Alter paper. The knockdown 



effect and mortality re 
filter paper were measured using WHO test kits against adult 

weight percentage of active ingredient in silicone oil. Batches 
of 25 non-blood-fed female mosquitoes (2-5 days old) were 
introduced into holding tubes and maintained for 60 minutes 
at 27 ± 2°C at a relative humidity of 80 ± 10%. They were then 
exposure tubes and placed vertically for 60 
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was recorded 24 hours after exposure and corrected by the 
formula of Abbott' 1 if necessary. Data were analyzed by the 
log-probit method of ! utnev using Probit software. 2b Times 
after which 50% and 95% of mosquitoes were knocked down 
(KDT 50 and KDT 95 , respectively) and their 95% confidence 
intervals were estimated with Probit software. Each solution 
was tested four times and each test was repeated three tir 



Irritability tests 

days old) were inc 
ted with treated fi 



Non-blood-fed female mosquitoes (2-5 
ividually introduced into plaslie eones fil- 
ter paper. After exposure 60 seconds, the 
en the first anding and the next take off < if 
recorded as the time for first take off. 27 



of 256 seconds were discarded. For each test, 50 mosquitoes 
were tested individually. A simple program using the internal 
clock of a laptop computer has been developed in our labo- 
ratory in France to conduct this test and analyze the data. 
Mosquitoes were grouped by classes of first take off time and 
cumulative frequencies were used to calculate the time for 
which 50% and 95% of the mosquitoes take off (FT 50 and 
FT 95 , respectively) using Probit software. Fairly constant sub- 
dued lighting and air temperature (28 2 : 'C) were maintained 
during the test according to Hodjati and Curtis. 28 

Experimental design. Lethal concentrations of propoxur 
that induced 30% mortality (L. (."„,) were first determined for 
each strain of Ae. aegypti to allow better detection of syner- 
gistic interactions with DEET. The maximum irritant concen- 
tration of DEET was then determined on the susceptible 
strain. Therefore, the efficacy of DEET-propoxur mixtures, 
in terms of mortality, knockdown effect and irritancy, was 
compared with deltamethrin at the l.(',„„ (chosen as a pyre- 
throid reference concentration). To detect any synergism 
between Di l l and propoxur. we compared the results 
observed with the DEET-propoxur mixture with those theo- 
retically expected in the absence of any interaction (uncorre- 

pected mortality was calculated by multiplying the survival 
rates of each compound tested separately and subtracting the 
result from 100%. 

In the same way, the expected KDT and FT for the mixture 
was calculated by multiply-in!? the percentage of mosquitoes 
that were not knocked down (air-landed mosquitoes) at each 
time and subtracting the results from 100%. Synergism oc- 
curred when the observed results were significantly higher 
than the expected one. Conversely, when the observed results 
were significantly lower than the expected one, there was 
antagonism. 

Statistical analysis. Mortality rates for DEET and propoxur 
alone and combined were compared with Yates' corrected 
chi-square test at 0.05% level of significance. The differences 
between two RDT^ and two FT 50 _ 95 values were consid- 
ered significant if their 95% confidence intervals did not ovcr- 
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the Bora strain. The DEET-propoxur mixtures tested on 
mosquitoes were 0.02% propoxur plus 1% DEET for the 
Bora strain and 0.01% propoxur plus 1% DEET for the LHP 
md irritancy) 

obtained with each insecticide and repellent, alone or in mix- 
ture, are summarized in Tables 1, 2 and 3. 

Comparative efficacy bet 
DEET-propoxur mixture. Th 

strain (100%) when tested wi 
significantly from that with DEET-propoxur mixture (96%) 
(X 2 = 2.30, degrees of freedom [df] = 1,P = 0.13) (Table 1), 
but the knockdown effect was significantlv higher than with 
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Ae. aegypti (Bora) 




the DEET-propoxur mixture (both at the KDT 50 and KDT 95 
levels) (Table 2). Irritancy of deltamethrin was greater than 
that of the DEET-propoxur mixture at the FT^, level, but not 
significantly different at the FT 95 level (Table 3). 
The mortality rate of the LHP strain when tested with del- 
" ' ' iw (9%), but remained high (94%) with 
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e ( x 2 = 144.73, dl 



tamethrin was not observed in the LHP strain, but was high in 

methrin and the DEET-propoxur mixture did not differ sig- 
nificantly from each other at both the FT 50 and FT 95 levels 
(confidence intervals overlapped) (Table 3). 

Interaction between DEET and propoxur. The DEET- 
propoxur mixture showed a significantly higher mortality rate 
(96%) in the Bora strain than expected (34%) when testing 
the hypothesis of an uncorrected joint action of the two com- 
pounds (x 2 = 81.78; df = 1, P < 0.0001) (Table 1). Such 
results indicate a strong synergism between propoxur and 
DEET. Moreover, the existence of a knockdown effect with 



DEET and propoxur tested separately did not induce any 
knockdown effect (Table 2). However, irritancy of the 
I I i I I 

that theoretically expected, indicating an additive effect for 
this parameter (Table 3). 

A synergistic interaction was also observed between DEET 
and propoxur in the LHP strain for both the mortality rate 
(94.5% versus 34.5%; x 2 = 76.51, df = 1, P < 0.0001) (Table 

1) and the knockdown effect (KDT 50 = 41.5 minutes) (Table 

2) . Conversely, irritancy of the DEET-propoxur mixture was 
significantly lower than that theoretically expected, indicating 



DISCUSSION 



Knock-down times ( KDt 50 and KDt 95 ) of 



ait I I.I IP} .-1e7ev <a ;,<>/>// mosquitoes exposed for one hoar to 



Mixture (expected) 
Deltamethrin LC 100 

Propoxur I f .,, 



21.6-26.2 38.3 32.5-45.1 
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mosquitoes exposed [o papers imp! cgiiatcel 




tamethrin (at the LC 100 ) against both Bora and LHP mos- 
quito strains, although irritancy was slightly lower against 
LHP mosquitoes. In the LHP strain, the decrease in irritancy 
with deltamethrin might be due to the presence of the kdr 
mutation, although it probable results from a more complex 
phenomenon for the DEET-propoxur combination. It is 
likely that the massive knockdown effect observed with the 
DEET-propoxur mixture disrupted the time for first take off 
ol mosL|uiloes. since knockccl-clown mose|tiilocs were unable 
to fly. This phenomenon probably explained the antagonistic 
interaction in irritancy observed between propoxur and 
DEET in the LHP strain. 

pyrethroid DEET-propoxur mixture was higher than those 
previously observed between pyrethroids and carbamates 
(e.g., propoxur) or organophosphates against Anopheles mos- 

of a knockdown effect induced by compounds other than 
pyrethroids, especially against LHP mosquitoes. Such find- 
ings are of practical importance since the knockdown effect is 
an essential characteristic in personal protection against mos- 
quito bites. 

The physiologic mechanisms responsible lor synergistic in- 
teractions between DEET and propoxur remain unclear. The 




host. DEET acts not only by inducing a disruption of an 
attraction signal, but also by generating a physiologic pertur- 
bation in mosquitoes. Indeed, preliminary bioassays have 
shown that a DEET concentration range of 5-10% induced 
mortality and a knockdown effect as great as pyrethroids 



can cockroach f/'t / / i ) showed that DEET 

induced a strong neurotoxic effect (Lapied B, unpublished 
data). As previously observed by Corbel and others 34 with 
insecticide combinations, synergism between DHHT and pro- 
poxur may be the result of a general physiologic disruption 
involving different target sites iit the central nervous system. 
Further investigations are now in progress to determine pre- 
cisely the mode of action of DEET alone and in combination 
with other compounds on insect physiology. 

Another possible explanation lor the observed synergism is 
detoxification by enzymes in insects. One component of the 
DEET-propoxur mixture may interfere with the detoxifica- 
tion of the other, thereby increasing the toxicity of the two 

i mil i Is w is caused by sequestration of 

organophosphates by esterases, which prevented the degra- 

bonels. other cn/vmcs such as oxidases have been shown to be 
inx'okecl in its eleloxil icitlion ansl could therefore play a role 
in synergism" "' 

In conclusion, a DEET-propoxur mixture may be a new 
promising tool for vector control because pyrethroid resis- 

pecially in Africa. The control of Ae. aegypti, which is based 
mainly on pyrethroid sprays or impregnated materials, is be- 
|n| toea'ened by pyrethroid resistance. A combination of 

personal protection against Mr-resistant mosquitoes and con- 

\c, /' multilir.il l(, I WS) which confers cross-resistance to 
in Ae. aegypti, anoMs unlikely to appear since it requires a 
mutation has been found in An. gambiae, the main malaria 

DEET-propoxur mixture. Since DEET is a volatile cran- 
io, ulation tl t cou tend k sidi i fleet o h 
bination in impregnated materials. Recent inx 



